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ABSTRACT 
ELUCIDATING THE MOLECULAR FUNCTION OF REPROLYSIN 
METALLOPROTEASES IN TICK-HOST-PATHOGEN INTERACTIONS 
by Jaclyn Bo Williams 
August 2015 
Ticks are ectoparasites that attach to their host for many days to weeks, feeding to 
engorgement and continuing their species life cycle.  The mechanisms behind the 
successful feeding and manipulation of host immune responses have been associated with 
the secretion of their specialized saliva. Tick saliva includes a variety of modulatory 
molecules that must disrupt and counteract defense mechanisms, including a variety of 
proteases. Reprolysin Metalloproteases, in the Zn2+ dependent family, is secreted as a 
proenzyme and is shown to have proteolytic activity, degrading fibrinogen and gelatinase 
activity, as well as disturbing homeostasis.12 Previous work with the Amblyomma 
americanum sialotranscriptome identified over 40 metalloproteases secreted in the saliva 
during the ticks’ feeding. A. americanum is a carrier of multiple diseases, including 
Ehrlichia chaffeensis, the causative agent of Human Monocyte Ehrlichiosis. This 
experiment consisted of two main goals: the first was to characterize A. americanum 
Reprolysin Metalloproteases, and the second to gain a better insight into the relationship 
between this tick and E. chaffeensis, a pathogen very understudied within the tick vector 
and has proved problematic for animal model studies. 
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CHAPTER I 
INTRODUCTION AND BACKGROUND 
   Ticks and Tick-Borne Diseases  
Ticks,  obligate ecto-parasites of terrestrial vertebrates, have evolved a specialized 
complex cocktail of compounds secreted as saliva to assist in blood feeding for the 
maintenance of host homeostasis and inflammation Ticks also act as vectors for more 
kinds of pathogenic organisms than any other hematophagous arthropod, and are 
considered to be one of the most economically and medically significant arthropods in 
human and livestock.3 These ectoparasites are found in almost every part of the world 
and are classified by into three different families: Nuttallielidae, Argasidae, and Ixodidae.  
Argasidae-Soft Ticks 
Argasidae are a  family of soft ticks with 183 identified species; they are best 
known for parasitizing birds and reptiles.4 These soft ticks are characterized by a lack of 
sclerotized scutum, the presence of a leathery integument (exoskeleton), and mouthparts 
that are located ventrally anterior. Soft ticks reach engorgement much more quickly than 
is observed in hard ticks, often able to finish feeding within hours of attachment.5 
Argasidae ticks also have a life cycle very similar to the Ixodidae family, with the 
exception of multiple nymphal stages and that Argasidae ticks do not necessarily die after 
ovipositoning.6  
Nuttallielidae 
 The Nuttallielidae family consists of only one species, Nuttalliella namaqua7 
This species is found in varying regions of Africa and is not known to pose any human or 
veterinary health risk.3 N. namaquae molecular data is lacking in literature, so the 
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relationship between Nuttallielidae and its other tick families is not well understood. This 
tick family is characterized by a sclerotized pseudo-scutum similar to the hard ticks, and 
also a leathery integument similar to the soft ticks; this tick family is often associated 
with the  “evolutionary missed link” between the other two tick families and is likely the 
closest existing lineage to the last common ancestor in tick lineages.7 The life cycle of 
N.namaqua is not known, as efforts to feed this tick on chickens, rabbits, rats and other 
vertebrates have been made unsuccessfully.7 
Ixodidae- Hard Ticks 
The Ixodidae are known as the hard ticks, comprising 683 species and, are 
differentiated from soft ticks by the existence of a sclerotized scutum, a hard plate that 
covers the male entire anterior and half of the anterior of females. This sclerotized 
scutum plays a role in tick feeding and engorgement, with the partial scutum on females 
allowing for the dramatically increased engorgement.3,8 Eleven of the twelve genera in 
the Ixodidae, including Amblyomma, have an anal groove located posterior to the anus, 
another characteristic trait of this family. 
 Hard ticks (larvae, nymphs, and adults) often feed between multiple days to 
weeks, during their life cycle, and are capable of ingesting large quantities of blood from 
the host. Hard ticks feed on a wide array of primarily animals both domestic and wild.3,9 
The hard ticks have a total of eleven genera, including: Ambylomma, Anomalhmimalaya, 
Bothriocroton, Cosminomma, Dermacentor, Haemaphysalis, Hyalomma, Margaropus, 
Nosoma, Rhipicentor, and Rhipicelphaulus. These genera are differentiated via 
differences in the mouthpart lengths, feeding habits, and geographical location.3  
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Amblyomma 
 This tick genus is mainly located in tropical and subtropical regions around the 
world. Within the U.S., it is mainly found within the eastern and southeastern regions of 
the United States. The Amblyomma genus is well known for their public health 
importance, as many species in this genus can act as vectors for many pathogens that can 
cause diseases, including Ehrlichiosis, Rocky Mountain spotted fever, Anaplasmosis, 
Heartland Virus, and more. Although a total of 131 Amblyomma species have been 
identified in the United States, the two species  Amblyomma americanum and 
Amblyomma maculatum pose the most significant health risk.3 Amblyomma maculatum, 
known as the Gulf Coast tick, is the causative agent of Heart water disease, caused by 
Ehrlichia ruminantium.8,10  
Amblyomma maculatum  
Nicknamed the “Gulf Coast Tick” , it is located along the Atlantic and Gulf Coast 
regions of the U.S,  as well as  in  portions of Central and South America that border the 
Gulf of Mexico.3 This tick is of medical importance as it has been  demonstrated to 
transmit Ehrlichia ruminantium, the causative agent of Heartwater and Rickettsia parkeri , 
which has  recently been correlated with A. maculatum feeding.11 A. maculatum feeds on 
a variety of hosts. This spans from small animals, such as rodents, to animals of greater 
size, such as deer, domestic animals, and household pets.  
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Figure 1. Life cycle of A. americanum. The eggs hatch into six leg larvae that will seek 
out a host on which to feed (normally smaller animals like rodents or birds). Once fully 
engorged, the larvae drop off, molt, and are now eight legged nymphs. The nymph will 
feed to engorgement on a slightly larger animal, such as a rabbit. The engorged nymph 
will drop off, molt, and emerge a sexually differentiated adult. These adults will feed on a 
larger mammal such as a deer, the females will fully engorge, mate, and drop off to lay 
eggs and die.  
 
Amblyomma americanum  
Nicknamed the “Lone Star tick”, A. americanum was the first tick to be identified 
in the United States in the late 1700’s. It is also classified as a three-host tick (figure 1), 
whose range spans across the U.S. from Maine to Texas (figure 2), and has been shown 
to bite humans in all motile life forms from nymph to  adult.12 The A. americium’s 
preference for woodland habitats makes the white tail deer an ideal host, capable of 
supporting all parasitic stages of A. americanum.13 The white tail deer also serves as the 
tick’s vehicle for transportation, and have been found to support an enormous number of 
ticks. Individual white-tailed deer have been commonly found with 400-1500 ticks 
feeding upon them.14 A. americanum is considered a nonspecific feeder, making birds 
and many other mammals’ potential hosts.  Feeding of adults and nymphal ticks is most 
Monroe County Vector Control 
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active the late spring and summer months (April-June) specifically for adults ticks from 
February through July and nymphs are active as late as September.13 In relation to the 
state of Mississippi,  the 13 study showed that 53% of ticks removed from MS residents 
were A. americanum.  
Amblyomma americanum is a competent vector for a number of disease-causing 
agents of varying severity. The most dangerous include:  Ehrlichia chaffeensis, E. ewingii, 
and STARI (Southern Tick Associated Rash Illness). E. chaffeensis, the causative agent 
of Human Monocyte Ehrlichiosis (HME), causes unexplained febrile illness associated 
with a reduced white blood count.15  HME, if left untreated, can result in severe disease 
(specify symptoms) and death, and was reported in over 500 cases in 2006(as reviewed in 
13) While the A. americanum life cycle relies on white-tail deer for maintenance of its life 
cycle, E. chaffeensis antibodies identified in wild raccoons and opossums. In further 
experiments, domestic dogs have shown to also be competent hosts of the disease.   
Additionally, A. americanum has been linked with the diseases tularemia and T. cervi in 
white-tailed deer, demonstrating the presence of a complex ecology surrounding 
Amblyomma americanum.  
In addition to these pathogens, in recent years A. americanum has been associated 
with red meat allergy, which causes a delayed anaphylaxis from IgE antibodies in 
humans.16 Originally discovered in association with the cancer drug Cetuximab, this is 
the first time an ectoparasite has caused a deadly form of food allergy.16 Additionally, as 
the number and distribution of A. americanum continues to grow, likely will the number 
of red meat allergy cases.  
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 Figure 2. Geographical distribution of A. americanum in the USA. 
 
Tick Feeding 
As previously established, ticks must ingest a blood meal for survival, and also to 
either grow, potentially molting into the next life stage, or to produce offspring. To feed, 
a sequence of events must occur:  
1. Seeking a host 
2. Engagement with host  
3. Exploration 
4. Penetration  
5. Attachment 
 
 
 
 
 
6. Ingestion 
7. Engorgement 
8. Detachment 
9. Disengagement  
Center of Disease Control  
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This process can take as long as 12-15 days for A. americanum adults, 
demonstrating the overall slow feeding process. The uptake of blood has its own defined 
process as well, as ticks have stages of varying slow and fast feeding. In the first few 
days, only a little change in the weight of an attached tick is observed, followed by a 
rapid mass increase in the last three days before detachment and disengagement.5  
Role of Tick Salivary Glands  
The saliva produced by the tick is vital to its biological success. During feeding, 
the tick alternates between taking a blood meal and salivating in the wound site.3 The tick 
will secrete many compounds into the wound such as immune-modulatory and 
antihemostatic (antiplatelet, anticlotting, and vasodilatory) compounds to suppress host 
immune reactions while the tick feeds.3,4  They have paired salivary glands resembling 
cluster of grapes, which are attached to the salivary ducts and mouthparts. Salivary gland 
structure within the Ixodidae ticks are made up of three types of acini: categorized as 
agranular (acini I) and granular (acini II, and acini III).17 Acini I help the tick avoid 
dehydration between blood meals, while acini II are involved in fast feeding, transporting 
fluids and electrolytes. Acini III are of greatest interest in relation to pathogen 
transmission, and could be the location where pathogens develop within the salivary 
gland.1,5 Often, in these vector borne pathogens, the salivary glands are where growth 
occurs for the pathogens to then pass on the next host. Add another sentence of the 
salivary glands aspects to assist the tick here. The tick’s multifunctional salivary glands 
are necessary not only for its own success, but also play an vital role in pathogen 
transmission between the tick vector and its animal hosts.17,19 
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Tick Saliva 
Tick salivary glands function to excrete tick saliva, whose composition is highly 
complex, containing hundreds of novel proteins that have been found to have transcripts 
differentially expressed during feeding.20 The bioactive molecules within the tick saliva 
are necessary for evolutionary success activities, such as feeding and ovipositioning, as 
well as transmitting disease-causing agents to hosts. This is due to the advantageous 
microenvironment they create at the tick bite site, promoting passage of pathogens.21 
Vastly important to concentrating the blood meal, salivary fluid secretions increase as 
blood feeding changes from slow feeding to fast feeding, returning excess water and ions 
back into the host, while the nutritious red blood cells remain.17 
Anti-Platelet and Anti-Clotting Saliva Factors 
In mammalian systems, response to injury is triggered by many biomolecules, 
such as ADP and collagen. These lines of defense include platelet aggregation and the 
expression of integrin, a receptor for fibrinogen, which is functionally expressed. 
Fibrinogen works to bridge together the activated platelets, creating what is referred to as 
“platelet plug”. This entire reaction has been reported to have formed “platelet plugs” in 
under 5 seconds of vascular injury.17 These responses by the host are disadvantageous to 
the tick, and in response, the tick saliva extracts have been shown to inhibit platelet 
aggregation.9 Some of the inhibitors that have been identified within the tick system 
include disintegrin (RGD motif), aparase, and prostacyclin, all of which have activity that 
either prevents the activation of platelets or prevents the binding of fibrinogen to 
platelets.9,17 Another group of tick proteins is serine protease inhibitors which have been 
shown to target thrombin and FXa (activator of thrombin), active molecules in the 
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coagulation cascade.9  In addition, metalloproteases have been shown to have 
fibrin(ogen)olytic and gelatinase activity,  which will be mentioned in more depth in the 
following sections.  
Innate Immune Response 
While homeostasis is the host’s first line of defense, the innate immune system 
response is not far behind, activating complement cascades and on site inflammation.9 
Examples of active biomolecules for host immune response include: anti-complement 
factors shown in I. dammini saliva from a 49kDa protein fraction,22 and neutrophil 
aggregates which have  been reduced by 40-80% in the presence of tick saliva.23  
Tick Vasoactive Compounds 
When the tick reaches the fast feeding phase of the blood meal, vasoactive 
compounds become more predominant, as vasodilation becomes important for the 
formation of the bloodpool.24 One method is secretion of the vasoactive histamine 
releasing factor (tHRP), a compound observed in Ixodes scapularis.25  In the early, slow 
phase of tick feeding, the tick releases histamine-binding proteins, likely to establish a 
tick-feeding cavity.9 The presence of both histamine binding and histamine releasing 
proteins highlights the dynamic interactions of the tick saliva and host during its long 
blood feeding cycle.   
Pathogen Transmission  
Ticks are known to act as vectors for numerous pathogens that are significant in 
the medical and veterinary health.  In relation to the SG’s, where most pathogen 
transmission occurs, it becomes important to study the importance of tick saliva in the 
involvement of tick-borne pathogen transmission.26 Agnostic properties of saliva in 
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relation to pathogen transmission have been demonstrated in multiple pathogen systems, 
resulting in the SAT (Saliva Associated Transmission) label associated with the Borrelia, 
Theileria, and Thogoto viruses.23 And while specific SAT molecules within the saliva 
have not yet been determined, the significance of saliva in pathogen transmission still 
stands. Another example of saliva assisted transmission lies in I.scapularis, with a protein 
known as salp15, which is shown to have immunosuppressive activity by inhibiting CD4+ 
T cell activation, which also may aid in pathogen transmission.24    
Ehrlichia Chaffeensis 
There are five members of the Proteobacteria family Anaplasmatacae , three of 
which are known the cause Ehrlichiosis in humans.10 Ehrlichiosis is, broadly, a tick-borne 
infection caused by an obligate intracellular bacterium that infects varying white blood 
cells.15 E. chaffeensis is a gram negative, obligate intracellular bacterium capable of 
causing both Canine and Human Monocyte Ehrlichiosis. Its dimensions range between 
0.5-0.8 um x 1.2 um. E. chaffeensis was first described in North America in 1986 in 
humans and became a reportable disease in 1990.12 It has since been detected in many 
geographical areas, including parts of South America, Asia, and Africa.27 The 
transmission of E. chaffeensis occurs via tick feeding, specifically Amblyomma 
americanum, and occurs mainly in the southeastern area of the United States.28 
Clinical Diseases 
Human Monocyte Ehrlichiosis (HME), caused by Ehrlichia chaffeensis, infects 
white blood cells in the host, specifically monocytes and macrophages.29 Clinical signs of 
infection include: thrombocytopenia, leucopenia, and elevated levels of hepatic enzymes. 
These are often identified in patients coming in with symptoms such as: fever, headache, 
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chills, malaise, muscle pain, nausea, vomiting, diarrhea, confusion, conjunctival injection, 
and rash.10 And if HME is not properly treated, potential complications can ensue, 
including meningitis, meningoencephalitis, multisystemic disease, and even death. Case 
fatality rate in reported cases is approx. 2-3% of cases, though often only in elderly or 
immunocompromised patients.15 
While Ehrlichia chaffeensis has only a low public awareness, it’s  still an 
emerging tick-borne bacterium and  as populations of  both the host and vectors increase 
and expand geographically the risk for human infection will also  increase.10 Because of 
this, a more active observation is necessary for those who spend their occupational or 
recreational activities in rural habitats. Doctors for proper treatment of the patient often 
take this into consideration.10 
Physiology and structure 
E. chaffeensis is an obligate intracellular bacterium that replicates in the 
cytoplasmic vacuoles of host cells. Within these vacuoles, the bacteria then grow to form 
a morulae, or condensed aggregate of bacteria that are observable by light microscopy 
and can be stained by Romanovsky- type stains. With this type of staining, the morulae 
are often observed as very dark blue dots within the cytoplasm of a monocyte.27 With 
electron microscopy, it can be observed that E. chaffeensis possesses very small amounts 
of peptidoglycan, proving its gram-negative status.30And in THP-1 cell lines (human 
monocyte cell line), the E. chaffeensis resides within the endosomes that don’t fuse with 
the transferring receptor.27 
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Pathogenesis and Immunity 
Much of the current research in E. chaffeensis is focusing on the pathogenicity 
and immunity of E. chaffeensis. E. chaffeensis mainly infects monocytes, but with blood 
smears it has been clinically observed in lymphocytes, atypical lymphocytes, and 
segmented neutrophil.15  It is likely that monocytes allow for a productive infection and, 
in patients with compromised immunity, the severity of disease seems to be directly 
correlated with the level of bacteria present in the patient (morulae in monocytes) , this 
correlation cannot be  observed  with those whom have a seemingly healthy immune 
system prior to infection.15 
 The genome of E. chaffeensis lacks genes for lipopolysaccharide, as this protein 
would normally activate host leukocytes and therefore stimulate the host immune system. 
However, E. chaffeensis needs cholesterol to survive and so up regulates low density 
lipoprotein (LDL) cholesterol in the host cell. Then,  E. chaffeensis is capable of 
incorporating host cholesterol to maintain its membrane integrity.31As seen in 
Mycobacterium tuberculosis, apoptosis is used by the host monocyte to inhibit 
intracellular growth and replication, so it is not surprising that Ehrlichia would also 
exhibit strategies to inhibit apoptosis occurring the in cell, as this would allow time for 
growth, inhibiting lysosomal degradation.32 The differential regulation of monocytes 
genes has been investigated, showing that many genes involved in membrane trafficking, 
apoptosis, and immune response are manipulated either positively or negatively upon E. 
chaffeensis infection in a THP1cell line.27 
One of the most interesting genes functions that are repressed in infection is IL-12 
production, as it has also been found to be inhibited by other intracellular bacteria, such 
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as Mycobacterium tuberculosis and Leishmania major. It has been suggested that the 
inhibition of this allows evasion of host immunity in convergent evolved pathogens.29,35  
Also shown is the ability of E. chaffeensis to alter the host gene transcriptional 
levels for products or activities such as apoptosis inhibitors, pro-inflammatory cytokines, 
signal transduction, and membrane trafficking.32 One method the pathogen uses to 
survive within the host the expression of genes for transmission, invasion, and evasion of 
host immune defenses. It has also been found that E. chaffeensis is transcriptionally more 
active in tick cells than mammalian cells, and suggested that the bacterium may actually 
have a higher metabolic activity in the tick.19  
Ehrlichia Life Cycle 
In a human model for the life cycle of E. chaffeensis, the bacterium enters the host 
through a tick bite and invades monocytes and macrophages. The life cycle of E. 
chaffeensis begins with a caveolae dependent endocytosis (lipid raft transport) of a dense 
core cell. The dense core cell will then develop into a reticulate cell and replicates and 
mature into dense core cells within the macrophage/monocyte. These dense core cells 
will then leave the monocyte or macrophage it has infected via exocytosis, or rupture of 
the host cell.8,33 The process in which the E. chaffeensis dense core cells leave the host 
cell has yet to be understood in great detail.31 
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Figure 3. Life cycle of Ehrlichia chaffeensis and Anaplasma phagocytophilum  
Epidemiology  
While Ehrlichia chaffeensis is not the only Ehrlichia that causes human disease, it 
is considered the most prevalent disease causing bacterium of the Ehrlichia genus, 
causing the majority of human infections.  Since the disease became reportable in 1999, 
the number of Ehrlichiosis cases has, with the exception of 2010, increased annually. As 
expected, deaths from Ehrlichiosis have decreased, with a 1.1% case fatality in 2010 
compared to a 3.7% case fatality in 2003.10 
The occurrence of human infections is also directly related to the life cycle of the 
ticks, as an increase in nymphal and adult ticks directly correlates with infections, both  
having the highest abundance in summer months.  A final factor to take into 
consideration is the main reservoir of the A. americanum tick, the white tailed deer, with 
its ability to move these potentially infected ticks many miles to new geographical 
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locations.12  Although the white tailed deer is considered the main reservoir of E. 
chaffeensis, the disease has also been detected in coyote blood via nested PCR, bringing 
to light another potential host for E. chaffeensis.  Upon investigation, it has been 
observed that all life stages of the A.americanum tick will feed on coyotes if given the 
opportunity,  and since in many states contain both coyotes and white tailed deer living in 
close proximity  with humans, the possibility of passing E. chaffeensis increases even 
further.34 Ehrlichia chaffeensis is also capable of adapting to infect different vertebrates, 
and infections have even been found in primates, which are not native to the host tick’s 
natural range.35  
Ehrlichia Animal Model  
Finding a reasonable animal model for E. chaffeensis has caused some technical 
difficulties in fully understanding the life cycle and pathogenicity of this bacterium. 
Many different animals have been tested, including domestic goats, bull calves, guinea 
pigs, gerbils, and immunocompromised mice. Unfortunately, none have shown to be 
effective animal models. Domestic vertebrates capable of supporting Ehrlichia include 
domestic dogs and domestic goats, as they are often bitten by A. americanum.  However, 
they do not show any of the clinical signs of E. chaffeensis.36,37  Interestingly, the 
transmission of E. chaffeensis from infected A. americanum ticks seems ineffective to 
native dogs, and the culturing of E. chaffeensis from a naturally infected native dog has 
not yet been reported.38  Similar experimental results have been shown in domestic goats, 
as naturally infected goats have been identified. The limitations occurring  in attempts to 
successfully infect the domestic goats through either infected ticks  or needle-inoculation 
has further demonstrated the need for an effective E.chaffeensis animal model.39,40 
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It is unlikely that white tailed deer is the only principle reservoir host species for 
the continuation of E. chaffeensis in nature, and further investigations into other potential 
vertebrate hosts have shown that raccoons and opossums to varying degrees appear to be 
seropositive for the bacterium.14  However, PCR studies have showed no positive E. 
chaffeensis infections in the wild, and even experimentally infected raccoons are only 
able to maintain infection for a brief period, and therefore not likely to act as  important 
reservoirs in wildlife.41  Through the method of E. chaffeensis antibody detection, the 
disease has been detected in rabbits, red foxes, and grey foxes.  In addition, the usage of 
molecular tools such as PCR, has found E. chaffeensis in deer, coyotes, and lemurs.36,37 
In relation to animal models, the white tailed deer is unfortunately difficult to 
utilize for laboratory studies. Because of this, many studies has gone into infection trials 
with varying laboratory animals that have only limited effectiveness, with an overall lack 
of success.42 Some attempts with experimental infection of dairy calves has shown some 
promise, with dairy calves showing clinical signs including muscular weakness and 
death.43 
 Other Human Ehrlichiosis Bacterium 
Other Ehrlichia species that can cause human disease include E. ewingii, A. 
phagocytophilum, E. canis and E. sennetsu. It should be noted that a few human clinical 
cases have been observed with other Ehrlichia species that remain unmentioned in this 
paper that are primarily known for their veterinary importance. 
A. phagocytophilum is transmitted by Ixodes scapularis, the Black Legged 
Tick, or Ixodes pacificus, the Western Black Legged Tick, depending on the location in 
the United States with symptoms similar to both Ehrlichia infections, treatment often 
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begins before laboratory diagnostic have been completed.27E. ewingii’s primary reservoir 
is also the white tailed deer, and is the causative agent of Canine Granulocytic 
Ehrlichiosis, with infections been reported in dogs across the southeastern United 
States.10 E. canis is also a canine Ehrlichia bacterium that infects mainly dogs and whose 
primary vector is Rhipicephalus sanguineus.  
Heartland virus belongs to the Phlebovirus family.  It is not fully understood how 
someone gets infected with heartland virus, as there have only been a few 
cases worldwide. The first two isolates were from infected leukocytes of two farmers 
from northwestern Missouri, and a total of six cases have been recorded with one death 
within the 2012-2013 time frame.46 It is believed that A. americanum is responsible for 
passing this virus because of the high population of this tick species during summer 
months, and it has since been found in A. americanum nymphs through the use of qRT-
PCR.4  
ReprolysinMetalloproteases (MPs) 
Tick Saliva in Tick Feeding 
In ticks, it is likely that the MPs are essential for inhibiting blood clotting and 
degrading extracellular matrix proteins for the preparation of the feeding site as well as 
inhibiting host tissue repair in the late feeding phase via its anti- angiogenic activity.45,46 
In ticks, MP’s have mostly only been shown to express predominantly in the salivary 
glands in Haemaphysalis longicornis.1 But focus on MPs within the tick are lacking so 
the roles they play within the tick vector and host are not well understood. Within I. 
scapularis, salivary MP’s have been shown to have proteolytic activity against fibrinogen 
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and fibrin, further suggesting MP’s role in maintenance of un-clotted blood for uptake by 
the feeding tick.47 
Tick Salivary Proteases 
As a tick feeds, they must disrupt tissues and counteract defense mechanisms of 
the host; proteases are bioactive molecules that are involved in disrupting the 
complement cascade or disrupting blood coagulation. Proteolytic enzymes are recognized 
by their catalytic activity, and while one of the most prominent families of proteolytic 
enzymes within the tick salivary glands are MPs, they are not alone. Serine proteases, 
aspartic proteases, Carboxypeptidases, dieptidyl peptidases, and trypsin-like serine 
proteases have also been found present in saliva from Amblyomma veriegatum.48 
Tick Salivary Metalloproteases 
Metalloprotease function by hydrolyses (nucleiphilic attack on a peptide bond) is 
mediated by a water molecule, uses a divalent metal cation, normally with zinc to activate 
the water molecule.49 Metalloproteases are the most diverse of the tick proteases, and can 
be split into five families by their MP binding residue.  The subfamily MA(M), has the 
(HExxHxE)  zinc binding motif, are the all the MP’s are endopeptidase dependent with 
one catalytic zinc residue, bound between histidine zinc ligands. Proteins belonging 
to the metzincin clan have a multi-domain sequence structure including a N-terminal 
secretory signal peptide, a pro-peptide, a catalytic domain with a zinc-binding finger 
followed by a methionine “Met-turn” motif involved in the hydrophobic base for the 
zinc-binding site.49,50  The only families of Metalloproteases that have been identified 
within ticks include family angiotensin converting enzyme, Reprolysin/ADAM, and 
Neprilysin family.  
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Figure 4. Zinc Metalloprotease Family  
M12 Family  
Astacin family(M12A), the simples of all MPs, has been shown to degrade the 
triple helix of collagen, gelatin and other related proteins at a neutral pH.50 Reprolysin 
family (M12B), found in snake venom, has many homolog’s in a variety of animals 
including spiders and ticks. The non-snake reprolysins are known as ADAM 
Metalloproteases. Included in the Reprolysin domains are: Metalloprotease, disintegrin 
like and cys-rich domain. Both subgroups have an (HExxH) metal binding sequence 
containing the catalytic group.50  
Snake venom metalloproteases have four separate classes, with each class 
increasing in complexity and number of domains. P-I contains only the zinc protease 
domain and the smallest molecular mass between 20 and 30 kDa. The P-II class contains 
the disintegrin domain (RGD) triad and a spacer region between the protease domain and 
disintegrin domains. P-III and P-IV have additional domains to the P-II class including 
cysteine domain and lectin domain respectively.47 The activity associated with SVMPs is 
primarily associated with hemorrhagic activity, but other activities include 
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fibrin(ogen)olysis, apoptosis, and inhibition of platelet aggregation. Hemorrhagic SVMP 
isolated from Bothrops jararacussu has been shown to possess bactericidal activity 
against Escherichia coli and Staphylococcus aureus.51 
 ADAM ( a disintegrin and Metalloprotease) have five stranded beta-sheets, and 3 
alpha helices, characteristic active site, conserved methionine residue to stabilize the 
active site.52 There are two main roles found with the ADAM/Reprolysin 
Metalloproteases: 
1.‘Sheddases’ can locally activate cell signaling pathways by releasing active 
growth factors or cytokines from membrane anchored precursors, they can also locally 
alter cell-cell interactions such as removing cell adhesion molecules from cell 
surfaces.50,52  
2.Cell surface proteases that can degrade ECM and can promote cell migration; 
this can be critical for development, wound healing, and tumor cell metastasis.47,50 
Within ticks, the function of these MPs contribute to the facilitation and 
maintenance of the blood cavity during extended feeding, as we see with the life cycle of 
hard ticks, specifically for this study, Amblyomma americanum. It has also been 
suggested that tick metalloproteases negatively modulate endothelial cell dependent 
wound healing, as this would detrimental to tick feeding.9 
M13 Family 
Neprilysins, genomic studies have shown C. elegans and D. melanogaster contain 
22 and 24 NEP-like genes and investigation into the D. melanogaster sequences has 
revealed sequences coding for proteins involved in renal function and spermatogenesis 
their principal substrates include Enkephalins, tachykinins, and atrial natriuretic peptide 
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family.50 Mammalian neprilysins inactivate tachykinins, opiod peptides, and even the 
amyloid β-peptide in Alzheimer’s.50,53 The substrate for this endopeptidase gives an 
insight into the role neprilysins play in mammalian nervous, cardiovascular, and immune 
system.54 Mammalian neprilysins role in inactive the natriuretic peptides has been a large 
focus in recent research, for their role in angiotensin converting enzyme (ACE) inhibitors. 
Neprolysin knockout mice exhibit peripheral hyperalgesia rather than analgesia in 
multiple pain models.55  
Invertebrate neprilysins have be found in a variety of organisms such as 
Drosophila melanogaster and Mytilus edulis with implications in immune effecter cell 
modulation and reproduction.55 Additionally,  dipeptidyl peptidase has been reported to 
destroy the pain-producing peptide bradykinin.47,56 And while the identification of 
Neprilysin and Neprilysin-like MPs have been identified in both Ixodes scapularis and 
Rhipicephalus microplus closely related to Drosphilla spp neprolysins suggesting a role 
in tick embryogenesis.57 
Disintegrin and Pep O 
Inhibitors of platelet aggregation and integrin dependent cell adhesion, they 
interact with the beta 1 and beta 3 intergrin family receptors. Disintegrin have a RGD 
sequence motif that binds to the integrin receptors on the platelet surface, this blocks 
binding of fibrinogen and blocks platelet -platelet bridges.  
Pep O has a role in degradation of casein-derived peptides for the delivery of 
essential amino acids and is also considered important for nitrogen nutrition. Pep O is 
structurally and functionally highly similar to mammalian NEP, a glycoprotein that plays 
a pivotal role in regulating physiological action of neuro and hormone peptides.  
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Vaccine development 
Saliva molecules are in direct contact with the mammalian host, making the 
understanding of their function necessary for the development of tick vaccines. Synthesis 
of many MPs may suggest an evolutionary tool for a large repertoire of MPs to interact 
with multiple animal targets. Vaccine development could involve disrupting the pro-
enzyme activation mechanism to inhibit the production of an active mature enzyme.1 
Vaccination of recombinant “Metis MP”, while did not alter the survival rate did prevent 
the completion of tick blood meal by the reduction of tick weights and oviposition.46  
Sialotranscriptome 
Metalloproteases, specifically reprolysin metalloproteases have been investigated 
in Rhipicephalus microplus and sanguineus as well as Ixodes persulcatus. The diversity 
between each tick species and their respective MPs showed that novel MPs differ in their 
amino acid sequences among different genus and slightly differ between species. As well 
as the same species has shown differences in amino acid sequence when comparing the 
same tick species located in different geographical locations.1 This could be important 
when it comes to considering vaccine development as too much of a differentiation in 
amino acid sequences among species could make the vaccine inactive.45  
Pathogen inoculation in tick saliva 
The larger question is how do tick MPs expressed by passage of Ehrlichia 
chaffeensis from the tick to its host relate? Metalloproteases have been linked with 
Borrelia spp. transmission by I. scapularis.47 In fact, it has been shown that MPs are up 
regulated, released, and activation of matrix metallloprotease gelatinase and collagenase 
1 in human cells by Borrelia spirochetes.58 A. marginale, and Borrelia burgdorferi, tick 
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proteins have a role in the infection and transmission of these pathogens and suggest that 
the genetic loci of both the vector and pathogen are required for infection and 
transmission of pathogens by ticks and it is likely that tick cell gene expression mediated 
the movement of pathogens trafficking through the tick.59 When considering other insect 
MPs, Drosophila has been shown to use its metzincin MPs for remodeling fat cells 
during metamorphosis. This activity has been shown in the fat body of the Drosophilia, 
suggesting that MPs could play a role protein processing and could be crucial for tick 
survival.45 
Metalloproteases and E.chaffeensis 
 The knockdown of two closely related MP’s in Ixodes ricinus has shown a high 
mortality rate in feeding ticks and shown its essential for completion of the blood meal 
and it was likely that this was because of the disruption of the salivary glands to interfere 
with fibrinolysis. The M13 family of MPs has been shown to mainly be involved in the 
processing of neuropeptides and peptide hormones. In adult flies, neprolysin MPs have 
been shown to have a role in maintenance of male fertility and egg-laying as well as 
knockdowns of the genes in female Drophosilla has shown similar results, directly 
affecting female fertility and fecundity.53 The process in which the Neprilysins are 
playing such a significant role in reproduction has been suggested that this family of MPs 
are regulating the degradation of several neuropeptides in the reproductive tract or 
CNS.53 It is understood that E. chaffeensis modulates many molecules within the tick for 
its survival and replication, because of how essential MPs are thought be for tick feeding, 
it’s possible that knockdown of particular MP’s in the salivary glands would impede 
further transmission of E. chaffeensis from the tick vector to another host. In order to 
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create novel treatments and prophylactic targets, there should be a focus on the survival 
strategies of E.chaffeensis as well as on the molecular interactions between its host cell 
and E. chaffeensis, a better understanding of how the host cell reacts to infection is 
necessary.31 
                                            Specific Aims 
Ticks, an obligate ecto-parasite of terrestrial vertebrates, have evolved a 
specialized complex cocktail of compounds secreted as saliva to assist in blood feeding 
for the maintenance of host homeostasis and inflammation. Among those modulatory 
molecules, are tick salivary MPs of whom are considered to be necessary for tick blood 
feeding.46,47 Because of the medical and veterinary impact of these bloods sucking 
ectoparasites have on the livestock industry, animal and human health there is a drastic 
need for additional tick control measures.  
Metzincin Metalloproteases (MP), specifically Reprolysin MP’s have been shown 
in tick salivary glands and saliva in numerous tick species including Ixodes scapularis, I. 
persulcatus, and Rhipicephalus sanguineus.45,47 Additionally have been found in 
prokaryotes and eukaryotes and their functions in biology ranges from vascularization, 
remodeling ECM, and cell migration1, yet the functional studies in ticks are very limited. 
Within A.americanum, the Metzincin MPs include the astacins, reprolysins, neprolysin, 
and other undefined MPs.  In these tick models, the role of Reprolysin MPs has been 
associated with fibrin(ogen)olytic activity, gelatinase activity, and  disaggregation of 
platelets.47,60  A better understanding of these proteins in tick feeding and ovipositioning 
is necessary for a better understanding of tick biology. Drosophila has shown the 
expression of metzincin MPs in the fat bodies and shown to play a critical role in 
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remodeling fat cells during metamorphosis.52 Outside of the arthropod/insect literature, 
metalloproteases secreted by pathogens such as Vibrio spirochetes have been implicated 
as a virulence factor for the invasion/entrance into endothelial cells 61 as well as 
metzincin MPs have been associated with cancer, specifically implications associated 
with tumor growth. 
The drive to understand tick biology stems from the need to eliminate the 
pathogen transmission via Ixodidae ticks. Differential transcription expression is likely a 
significant adaptation by arthropod-borne pathogens to support their growth and 
persistence in both the vertebrate and invertebrate host environments62, and both 
Anaplasma and Borrelia has been shown to regulate the expression within the host cell in 
both vertebrate and invertebrates to aid in the movement from the tick to a vertebrate 
host.31,59  
Previous research has suggested a relationship between host metalloproteases and 
pathogens, such as in the case of Borrelia spirochetes, and their up regulation, release, 
and activation of Matrix MP’s (MMP-9) and (MMP-1) in human cells, allowing for B. 
burgdorferi to penetrate extracellular matrix.58 Yet, all of these studies are within the 
mammalian host, and not focused on the tick model. These interactions suggest that there 
are interactions within the tick modulated by intracellular pathogens for their survival and 
replication, and that Metzincin MP’s play a role in the survival of E. chaffeensis.  
The overall objective is to investigate the molecular mechanism of Reprolysin 
MP’s in tick feeding and pathogen transmission. Our overarching hypothesis is that 
Amblyomma americanum secretes metalloproteases while feeding on a host that are 
necessary for the survival of the tick, additionally, tick MP’s are essential for the 
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biological success of tick-pathogen-host interactions, and this will be investigated in the 
A. americanum and E. chaffeensis interactions.  
Working Hypothesis 
1.Amblyomma americanum secrets several Reprolysin Metalloproteases, which 
are essential for tick, blood feeding from the mammalian host.  
2.Tick Reprolysin Metalloproteases are essential to the biological success of tick 
pathogen interactions.  
Reprolysin MP’s play a vital role in the success of Amblyomma americanum in 
maintaining a blood pool at the site of feeding by its antifibrogen/fibrin activity; thus 
preventing the clot formation and potentially aiding the movement of Ehrlichia 
dissemination from ticks salivary glands into vertebrate tissues. The overall objective is 
to test the molecular mechanism of reprolysin metalloproteases in tick feeding and tick-
pathogen interactions, this will be done by the following objectives and experimental 
design: 
Objective 1 and 2: Determine the Transcriptional Gene Expression and RNAi 
Knockdown to understand the role of MPs in A. americanum Feeding  
The transcriptional gene expression will determine to selectively target molecules 
that have higher expression during early blood meal stages. During the acquisition of 
blood, tick genes are differentially expressed with increased stress. To better understand 
the expression of the known Reprolysin MPs, expression from unfed, 24hr, 48hr, 72hr, 
96hr, 120hr, 144hr,and 172hr salivary glands and midgut will be investigated. 
Normalization of qRT-PCR with traditional housekeeping genes can be problematic, as 
they are not stably expressed and result in altered relative gene expression. To overcome 
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this issue, previous work will be utilized to determine a suitable housekeeping gene and 
the utilization of multiple software programs including: geNorm, BestKeeper , and delta 
delta CT to determined the best housekeeping gene. Results from this objective allow for 
a better understanding of the individual role of each A. americanum MP and will assist 
for further design with RNAi knockdown experiments.  
RNAi allows for the silencing of genes that are encoded by the tick, in vivo 
knockdown of Reprolysin MPs allow for assessing the role of these MPs to A. 
americanum feeding and reproductive health. A. americanum transcriptome was 
completed previous to this experiment giving the ability to compare many of the MP 
sequences within the A. americanum salivary glands; this comparison has led to the 
identification of 5 Reprolysin MPs that are differentially expressed across the entire 
blood meal and were chosen for further investigation.  
Yet there are still issues that can arise when using RNAi to elucidate a function of 
a particular target gene or gene family, such as tick compensatory mechanisms. In the 
tick, compensatory mechanisms can exist when a protein’s function is vital to the 
survivability of the tick; these compensatory mechanisms may be in the form of protein 
isoforms or proteins with duplicate functions. While potential isoforms have been 
identified within the transcriptome, sequence homology has allowed for gene knockdown 
for the Reprolysin family.  A second issue with the RNAi in ticks is found in the 
mechanics, as the delivery of the ds-RNA is not tissue specific, but this understanding is 
applied to the interpretation of our results and the limitations are understood within the 
scientific community.  
28 
 
 
 
The expected outcome for this set of experiments includes statistically significant 
knockdown of target molecules and RNAi ticks feed on sheep to be negatively affected in 
their ability to feed and reach engorgement weights for oviposition, thus preventing the 
further continuation of the life cycle of A.americanum.  
Objective 3 and 4: Differential Gene Expression in A. americanum and E. 
chaffeensis by partially fed ticks via Artificial Feeding   
Salivary glands, midgut, and carcass from 3-4 day fed E.chaffeensis infected ticks 
will be individually tested for infection and quantification of infection via qRT-PCR. 
Once infection is verified, individual samples will be analyzed for their MP expression 
between infected and non-infected A.americanum ticks RT-PCR. RNA-seq will be 
performed to develop a full transcriptome profile of the salivary glands of both infected 
and non-infected ticks. Due to the low acquisition rates of E. chaffeensis in A. 
americanum, collection of suitable amounts of tissues can be problematic, work with 
collaborators has allowed for access to infected ticks.  
As mentioned previously, E. chaffeensis does not have a developed animal model, 
making tick-pathogen interactions difficult to study. Using in in vitro feeding system will 
allow for in-depth studies with A.americanum and interactions with intracellular 
pathogens. Issues with replicating the natural feeding system are numerous, including 
maintenance of blood, humidity, and achieving full repletion. The solutions to these 
issues include multiple locations for fresh blood weekly, maintenance of feeding 
apparatus within an incubator, and maintenance. 
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CHAPTER II 
EXPERIMENTAL DESIGNS 
Tick Rearing 
The Lone star tick, Amblyomma americanum were purchased from the tick 
rearing facility at Oklahoma State University and are monitored. The tick larvae and 
nymyps were unfed and Adult ticks were either fed on a sheep for this study or fed in an 
artificial feeding system. All unfed adults, nymphs, and larvae were kept at 30C, with 
90% relative humidity with varying light and dark cycles.  
Tick Tissue Dissections 
Partially fed ticks were dissected and placed in ice-cold MOPS buffer. These 
tissues are separated by midgut, salivary gland, and ovaries and then placed in RNALater 
(Invitrogen, Carlsbad, CA) or Protein Extraction Buffer (1X PBS, 20% glycerol, and 
protease inhibitor). These tissues are then stored at -80C or immediately used.  
RNA extractions, cDNA synthesis, and RT-PCR for Differential Expression  
Using the RNAspin Mini RNA isolation kit (GE, Healthcare, NJ, USA), total 
RNA was purified from pooled salivary glands and midguts from partially fed adult 
female A. americanum with slight modifications made for the tick RNA extractions63.The 
total RNA is then analyzed with the Nanodrop spectrophotometer and stored at -80C. The 
total RNA is reverse transcribed according to the manufacturer’s protocol (Invitrogen). 
PCR amplification will be performed using gene specific. The PCR product is then 
analyzed on a 2% Agarose gel and visualized using a GelDoc system (Bio-Rad). The 
positive samples are then PCR purified and submitted to Eurofins MWG Operon for 
sequencing using gene specific primers. Once successful sequencing is obtained, 
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sequences were then searched in multiple databases including NCBI BLAST and EXpasy 
Approximately 2000 ng of total RNA is reverse transcribed using concentrations of 
cDNA used for qRT-PCR gene expression is approximately 25ng/ul and 150 nM 
concentration for gene specific primers for each reaction. Al samples were run in 
triplicates with an NTC control. The C1000 Thermal Cycler will run under conditions: 10 
mins at 95C followed by 35 cycles of 15 seconds at 95, 30 sec at 60C, and 30 sec at 72C 
with a flurosecence read at the end of this 30 second step. A standard curve was obtained 
for each of the housekeeping genes to determine to amplification efficiency.  
RT-PCR for Ehrlicha chaffeensis 
This RT-PCR assay64 allows for the detection and quantification of E. chaffeensis 
using 16S rRNA gene. The Primer sequences for this RT-PCR include both a forward  
ECH16S-17 (5′-GCGGCAAGCCTAACACATG-3′), and reverse primer ECH16S-97 
(5′-CCCGTCTGCCACTAACAATTATT-3′),a 100 nM concentration of the probe  
ECH16S-38 (5′-/56FAM AGTCGAACGGACAATTGCTTATAACCTTTTGGT-3-
TAMSp/-3′), The optimized thermal cycler program was 95°C for 10 min, followed by 
40 cycles of 95°C for 15 s and 57°C for 1 min. Quantitative results were based on a 10-
fold dilution series of a plasmid encoding the 16S rRNA gene of E. chaffeensis. ).An 
agarose gel electrophoresis revealed a single band 81bps. This assay allows simultaneous 
detection of the pathogen and determination of the infectious loads in the tick and 
mammal.64 
Synthesis of ds-RNA 
Using PCR, a DNA template was generated such that a T7 promoter sequence 
was added to both the 5’- and 3’- ends of the gene specific PCR product.  First, MP 
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41580 was amplified using gene specific primer without T7 promoters, PCR purified, and 
placed in a secondary PCR reaction using MP 41580 primers with T7 flanking sequences 
5-GAATTAATACGACTCACTATAGGGAGA-3.The PCR product from the secondary 
PCR is purified using (QIAquick PCR Purification Kit), The PCR product is sent for 
sequencing to ensure proper addition of the T7 sequences. Once the sequence has been 
verified, the PCR product is transcribed into RNA using T7 Quick High Yield RNA 
synthesis kit (New England Biolabs, Ipswich, MA) by incubating PCR product with a T7 
polymerase overnight at 37˚C. The resultant dsRNA is purified by ethanol precipitation, 
concentration is measured spectrophotometrically using a NanoDrop, and analyzed using 
a 2% Agarose gel. dsRNA is diluted to a working concentration of 500ng/uL.   
Tick Injections and Feeding 
Unfed females are injected with 1 ul of ds41580, dsRepMP, or dsLacZ using a 31-
gauge needle. Once injected with dsRNA, the ticks are maintained at 37˚C overnight with 
90% humidity. The following morning surviving ticks are places on the naïve sheep and 
allowed to establish a bloodmeal. Ticks are pulled on day 5-6, day 8-9, and 12 day post 
infestation.  Replete ticks will be observed for total engorgement weight, survival, 
ovipositioning and larva hatching. 
Silicone Membrane Production 
Silicone membranes were prepared using lens cleaning paper as the base. A 
mixture of silicone glue (Wacker Elastocil E4) , Silicone oil DC 200, and Toluene is 
added to the lens paper in a fluid motion to cover both or a single side of the lens paper 
and allowed to dry for 48 hours. Once the silicone membranes were dry, a mesh grid and 
a plastic cross are glued onto the silicone membrane and allowed to dry another 24 hours. 
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Complete membranes are then glued to the feeding tubes and checked for leaks by 
placing the feeding tube and attached membrane in 70% ethanol for 10-20 minutes.  The 
average membrane thickness accepted for feeding was from 50-100 µm. The feeding 
units are made of acrylic glass tubing; the ring is fitted to prevent it from sinking into the 
feeding chamber (Figure 17). 
Tick Artificial Feeding 
Bovine blood is collected weekly from cattle at the Al Cascio Processing Plant 
and approximately 400-700 mL of blood is gained after manually defibrinated by 
straining through a metal funnel. Glucose and Pen/Strep are added to the blood and stored 
at 4C. The Feeding apparatus was obtained from the Biological Centre ASCR, Institute of 
Parasitology, Czech Republic. Feeding units of Plexiglas tubing, with silicone 
membranes attached to the bottom of the feeding unit are placed into six-well cell culture 
plates. At the start of each experiment, 4uL of blood is warmed to 37˚C and the feeding 
membrane is lightly covered with sheep hair and ticks (~10 females and ~5 males) are 
added to the feeding apparatus and a fabric stopper is added to the top of the funnel. Once 
the ticks are securely placed into the feeding unit, blood is added to one of the six well 
cell culture plates and the feeding unit is placed on top of the pre-warmed blood. This 
feeding apparatus remains onto a 37˚C water bath covered for 8 hour intervals to create a 
dark and humid environment. The blood was changed twice daily at approximately 12 
hour intervals until tick engorgement.  
Artificial Feeding inoculation with E. chaffeensis  
 The artificial feeding protocol changes include: DH82 or THP-1 60-80% infected 
cell lines were added at a 200 cells per mL ratio. Each cell line was spun at 125 x g for 5 
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mins, took 1 mL of cells, diluted to 3000-4000 cells per 1.0 mL and then added to the 
individual feeding wells.  
Sequence Homology 
Sequences from the A. americanum transcriptome were analyzed by BLAST in 
NCBI and also processed in ClustalW2 for production of sequence alignment.  
Statistical Analysis 
All data is expressed as ± SEM. Statistical significance was determined by 
Student’s t test; differences in multiple comparisons among different experimental groups 
will be determined by analysis of variance using the Turkey test. Statistical analysis of 
qRT-PCR data was done using the REST 2009 software.  
Data Analysis 
The average CT value of each triplicate reaction will be used to analyze the 
stability of each candidate reference gene. To calculate stability comparisons for each 
candidate reference gene within samples: both Bestkeeper and geNorm will be used 
according to developer’s recommendations.  
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CHAPTER III 
                                                   RESULTS 
Tissue Stable Reference Gene for qRT-PCR Analysis 
Sialotranscriptomes are currently the standard technique used to identify predicted 
proteins in the salivary glands of ticks. This technique uses RNA isolated from the 
salivary glands of unfed, partially fed, and/or fully fed females as a sequencing template. 
Previous to these experiments, an Amblyomma americanum sialotranscriptome was 
completed and used to identify tick salivary genes of interest.  Using multiple feeding 
points, a transcriptional variation can be observed. However, it is important to validate 
this data using a more targeted approach such as quantitative real time PCR (qRT-PCR).  
But before transcriptional gene expression of our target molecules could be examined, a 
reference gene must be identified for A. americanum salivary glands and midguts. 
 A total of seven housekeeping genes were identified as potential reference genes: 
Calrecticulin, Actin, GADPH (glyceraldehyde 3-phosphate dehydrogenase), Histone H3, 
HSP (Heat-Shock Protein), GST (glutathione-s-transferase), Ubiquitin, Ribosomal 
protein L4. The housekeeping analysis was done with both the midguts and salivary 
glands of A. americanum (Figure 5; Table 1). The transcriptional expression of these 
seven housekeeping genes was analyzed in adult female A. americanum spanning for a 
total of ten time points (unfed-168hr). This data provides new insight into the need for 
reference gene verification for each individual tissue type as the gene stability was not 
comparable. Utilizing Bestkeeper and ∆∆Ct,  Ubiquitin was determined to be the most 
stable housekeeping for the salivary glands, while Histone H3midguts were determined 
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the most stable for the midguts Yet it should be noted, the use of two housekeeping genes 
should be used if possible, further strengthening normalization, yet for these studies .  
The analysis of both salivary glands and midgut housekeeping genes was 
performed using BestKeeper and ∆∆Ct.   BestKeeper software analyzes independently 
inter- and intra-variations to determine stability values. ∆∆Ct or comparative Ct method 
uses a calibrator known as threshold cycles (CTs) to calculate relative gene expression in 
target and reference genes.  
 
Figure 5. Raw ct values of A. americanum Housekeeping genes for SG and MG (A) 
Salivary Glands (B) Midgut 
 
Table 1 
Ranking of Candiate Houskeeping Genes in Female Salivary Glands and Midguts 
 
 
Salivary Gland 
 
BestKeeper SD 
 
∆∆Ct SD 
 
Rank 
 
    
Ubiquitin 0.27 0.22 1 
Actin 0.53 1.24 2 
GAPDH 0.69 1.41 3 
Calrectulin 0.96 1.45 4 
HSP 1.11 7.18 5 
Histone H3 1.49 7.27 6 
GST 1.67 20.83 7 
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Table 2 
Candidate Housekeeping Genes in Female Adults Salivary Glands and Midguts 
Midgut BestKeeper SD ∆∆Ct SD Rank 
Histone H3 0.25 0.31 1 
GADPH 0.70 0.55 2 
Actin 0.78 0.78 3 
          Calrecticulin 0.86 1.69 4 
HSP 0.90 2.37 5 
Ubiquitin 1.08 2.60 6 
GST 1.11 10.75 7 
 
Transcriptional Gene Expression 
Once a proper reference gene was identified, five reprolysin and two neprolysin 
metalloprotease sequences from the A. americanum sialotranscriptome could be analyzed 
via qRT-PCR over 10 tick feeding time points to better understand the expression profile 
of the MP’s in the tick salivary glands. Five reprolysin MP’s were chosen based on their 
differential expression throughout the blood meal from the sialotranscriptome. 
Transcriptional gene expression was analyzed from unfed to 168 hours after attachment 
(Figure 6). AasmerSigP-41953(Figure 6A) shows the highest expression with a 1.5 fold 
up regulation during the later feeding time points after 120 hr.   AamerSigP-41680 
(Figure 6D) shows expression throughout the course of the blood meal demonstrating the 
dependency of this gene expression. AamerSigP-20700 (Figure 6G) exhibits its highest 
expression levels early during the tick feeding (24-36 hours). And the remaining three 
reprolysin genes in this study (Aam-41579, AamerSigP-35996, and Aam-41580) (Figure 
6 are most highly expressed after 48 hours and throughout the remainder of tick feeding. 
Further analysis of the five reprolysin sequences, all coded for different protein product, 
and yet did show a high nucleotide sequence similarity across much of (Aam-41579, 
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AamerSigP-35996, Aam-41580, and AamerSigP-20700)(Figure 6C,6E, 6F, and 6G). 
Also identified from the tick sialotranscriptome were two neprolysin-like 
metalloproteases AamerSigP-41953 and Aam-41953 (Figure 6A and 6B), both showing 
highest expression in the later feeding time points, after 96 hours.   
 
Figure 6. Temporal Gene Expression of seven metalloproteases from two protein families 
during the blood feeding as measured by qRT-PCR. Transcriptional gene expression was 
normalized against Ubiquitin. Transcriptional expression of the neprilysins MPs shows 
highest (fold change) expression during the late feeding hours, while the remaining 
reprolysin MPs express at varying time points across the blood meal.  
 
It is logical that tick salivary glands would secrete proteases to affect host wound 
healing, as its life cycle requires it to feed on the host for an extended period of time, in 
regards of tick saliva,  reprolysin MP’s have been associated with fibrionolytic and 
gelatinase activity as well as disaggregation of platelets,68 for the purpose of allowing 
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ticks to maintain a feeding cavity. Thus, expression across the blood meal is necessary as 
to maintain a blood pool and continued modulation of the extracellular matrix.1 Yet, 
analysis of each gene shows no real trend regarding the expression of the reprolysin 
family other than these enzymes are found expressed during every feeding time point 
analyzed.  Additionally, while Aam-41579 does not have a signal peptide in its 
nomenclature, later analysis did identify a signal peptide (SignalP 4.1. Server). 
Single and Family in vivo ds-RNA Knockdown  
In addition to literature suggesting MP’s are vital for completion of tick feeding 
because of their presence in salvia secretions and role in blood pool maintenance, we set 
out to investigate the dependency ticks had on the presence of reprolysin MP’s for the 
success of blood feeding and in order to assess the role of this family of MP’s, in vivo 
RNA knockdown was utilized.  
Injection of dsRNA  
The initial knockdown of Aam-41580 was produced using gene specific primers 
produced from tick sialotranscriptome (Appendix A). Next, 50-60 individual adult female 
A. americanum ticks were injected with 1µl of ds-RNA with approximate 500ng 
concentration. The ticks were then placed overnight in humidity to recover and ticks alive 
on the next day were placed on the sheep, along with control groups including ds-LacZ 
and NT-control ticks on individual cells.  
Aam-41580 Transcriptional Depletion 
In this study, reverse genetics was utilized by injecting ds-RNA (500ng) into each 
individual tick. The initial metalloprotease knockdown was intended to knockdown Aam-
41580 because of its consistent expression across many time points within the blood meal 
  
(Figure 7). The knockdown was successful, with over 95% depletion of the transcripts in 
the dsRNA treated salivary glands (P
statistically significant (P
engorgement.  The redundancy of MP transcripts present in the 
sialotranscriptome suggests a knockdown should include 
transcripts to allow for a full assessment of the MP’s role in tick feeding.   
Aam-41580 was also unintentionally knocked
homology did have sections of 18
Figure 7. Temporal gene expression of reprolysin MP’s in five day partially fed 
americanum salivary glands via Aa
(p<0.05) No statistically significant compensatory mechanisms were identified in 
response to the depletion of Aam
 
Family Sequence Homology and Reprolysin family transcript depletion
Because of sequence homology within the reprolysin 
was made possible by production of ds
There was an observed 95%
respective dsRNA treated salivary glands indicated a successful s
 
-value >0.05). While tick weight reductions were 
-value> 0.05), many knockdown samples still reached 
A. americanum
a large number of MP 
-down (over 95% depletion), as sequence 
-21bps that resulted in this occurrence. 
-41580 knockdown * denotes statistical significance 
-41580 and Aam-41579.  
 
family, a family knockdown 
-RNA from the homologous region (
 or more transcript depletion of all four Rep-MPs in the 
ilencing (Figure
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Also note, that 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. 
Figure 8).  
 9).  
  
Depletion of the reprolysins resulted in reduction of tick engorgement weights with over 
40% of the ds-RNA-Rep ticks less than 200 mg (Figure 10). 
tick larvae were also affected, as few to none larval hatchings oc
Rep knockdown (Figure 10
should be noted a total of 41 MP transcripts were identified in the sialotranscriptome, 
additionally analysis of family ds
shows likely an additional 5
resulting upwards of 13 MP’s (31%) of total MP transcripts depleted.
Figure 8.  Multiple sequence Alignment of Reprolysin MP nucleotide sequences 
identified for a family RNAi..Percentage identity is represented by the blue scaling, with 
annotates is defined at 60% threshold. Red underlines show locations of primer design. 
Actual primer sequences are listed in 
 
 
Amblyomma americanum
curred with the ds
). The larval development was not assessed. Additionally, it 
-RNA knockdown sequence against these transcripts 
-9 transcripts also affected by the ds-RNA knockdown, 
 
Table 2.  
40 
 
-RNA-
 
  
 
Figure 9. RNA interference 
metalloproteases. (A) Family RNAi (Aam
AamerSigP-35996) were all successfully knocked down. Compe
shown in response with a 3
regulation of the Neprilysin AamerSigP
indicates statistically significant 
 
Compensatory mechanism via ds
The number of tick MP’s present in the tick salivary glands, as well as their varied 
expression throughout the tick feeding 
many functionally similar genes and could assist in immune
attached to the host for an extended period of time, the host immune system could 
recognize tick proteins and mount a response, the act of expressing proteins with similar 
function but different antigenic properties allows for successful blo
of this, many metalloprotease sequences have been identified within the 
sialotranscriptome that may all function at time specific expression and have been 
suggested to be regulated by epigenetic 
by this knockdown would be up regulated in response to the depletion of transcripts, and 
 
mediated silencing of Amblyomma americanum 
-41580, Aam-41579, AamerSigP
nsatory mechanisms are 
-Fold up regulation of A.amerSigP-20700 and 3
-41953. All knockdowns were 95% or more and * 
–P-value >0.05.  
-RNA 
shows likely genome duplication resulting in 
 evasion. As the tick is 
od feeding.
control.66 We hypothesized that MPs not affected 
41 
Reprolysin 
-41680, and 
-fold up 
 Because 
  
this was observed as see with gene
The up regulation of non-
reprolysin transcripts has been seen previously,
between reprolysin metalloproteases and astacins metalloproteases, which are more 
commonly found in the ovaries
Fitness and Fecundity of RNAi Ticks 
Tick engorgement weights (mg) from both Rep
feed on sheep (Table 3), The A
in (Figure 10) Tick weights (P
weights were taken at day 12
cannot be included in the 
resulted in significant tick weight reductions (P
Additionally, both Rep-ds
increase in ticks injected, ~60
~50 female/25 male ticks on each sheep cell. 
Figure 10. Tick Engorgement Weights from Aa
A) Family Knockdown day 12 weights B) Aam
resulted in significant reduction of tick weights P<
 
 
 AamerSigP-20700 and AamerSigP-41953 
silenced metzincin transcripts in response to silencing 
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 observed a potential networking 
 and believed to play a role in egg development
 
-MP RNAi and Aa
am-41580 RNAi knockdown shows significant reduction 
-value is at p < 0.05) in comparison to (NT) control 
. The sample size of Lac-Z was significantly reduced and 
statistical analysis.  RNAi knockdown of the reprolysin family 
-value is at p<0.05) against both controls.
-RNA knockdowns resulted in higher mortality, resulting in an 
-65 to account for mortality via injections and still place
 
-41580 and Family ds-RNA knockdown 
-41580 ds-RNA knockdown. Knockdown 
0.05.  
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(Figure 9). 
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-41580 RNAi 
and 
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Figure 11. RNAi experimental ticks 12 day post infection. A) NT control ticks B) Lac-Z 
control ticks C) ds-MP (family knockdown) ticks.D) Reprolysin MP-Knockdown shows 
a significant decrease in tick weight/engorgement.  
 
 
 
44 
 
 
 
Figure 12. Larval hatching of RNAi ticks. (A1-2) shows normal larval hatching from 
eggs laid from NT control ticks that reached ovipositioning. (B1-2) shows larval hatching 
from eggs from ds-LacZ control ticks that reached ovipositioning. (C1-2) shows a 
decrease in larval hatching from a ds-RepMp knockdown tick that reached ovipositioning.  
 
16S Bacterial Load  
Analysis of the 16S rRNA gene via qRT-PCR in the salivary glands of both RNAi 
knockdowns shows significant decrease in the 16S bacterial load in the reprolysin 
metalloproteases knockdowns when compared to their controls (Figure 13). It has been 
demonstrated previously that tick bacterial symbionts present tissue specificity, and often 
correlate with a single tissue. Coxiella has shown to be a dominant bacterial population 
within the oocytes of female Rhipicephalus species and plays a significant role in the 
successful ovipositioning.67 Understanding ticks bacterial communities, as they pass 
many pathogens, could allow for a better understanding of the functions some of these 
bacterial communities may play into the relationship between the host and vector.  
 
Figure 13. 16S Bacterial load in A. americanum salivary glands. The salivary glands of 
both family RNAi and Aam-41580 RNAi were assessed in the total microbial load for 
both the family and single knockdown. Both RNAi knockdwons show between 5-12 fold 
difference in comparison to the Lac-Z RNAi and NT salivary glands. * indicates p-value 
of <0.05.  
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Validation of a stable housekeeping gene for AAE2 cell line  
AAE2, an A .americanum derived cell line, was developed from embryos derived 
from engorged female lone star ticks collected from a white tail deer.19 Received from 
UTMB were AAE2 clean and infected cell lines, before AAE2 could be analyzed via 
qRT-PCR for its MP expression in both clean and Ehrlichia chaffeensis infected AAE2 
cell line, a stable reference gene needed to be verified. The following genes were 
analyzed: Actin, Histone, Heat shock protein, and Ubiquitin. While this list of potential 
housekeeping genes are not as extensive, previous experimentation with tick tissues 
suggested these four genes as the most likely for stable expression within both cell lines.     
 
Figure 14. Raw CT values of four A. americanum Housekeeping genes for AAE2 cell 
line. Histone was chosen as the best Housekeeping gene for AAE2 and 80% E. 
chaffeensis infected AAE2 cell line. 
 
Table 2 
  
Bestkeeper ranking of candidate houskeeping genes in Clean and Infected AAE2 Cell 
Line 
    
 
 
 
 
 
 
 
 
 
 
  
Salivary Gland BestKeeper SD 
Ubiquitin .41 
Actin .38 
TSP .33 
HistoneH3 .26 
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Temporal Expression of Metalloproteases in AAE2 and E. chaffeensis infected AAE2  
To test the role of metalloproteases during Ehrlichia infections, total RNA 
extractions of clean AAE2 and 80% infected AAE2 cell lines were converted to cDNA 
and analyzed for their salivary MP expression. AAE2 cell line, a tick cell line 
demonstrated an up-regulation of the reprolysin MP’s within the AAE2 cell line. This 
data suggest E. chaffeensis infection is causing an up-regulation of these transcripts and it 
was decided to be further investigated in vitro. All qRT-PCR was normalized against 
Histone.  
 
Figure 15. Temporal Expression of Amblyomma americanum MPs between AAE2 clean 
and 80% Ehrlichia chaffeensis infected cell lines, normalized using Histone. * indicates 
significant differential regulation p>0.05.  AamerSigP-20700 and Aam-41580 shows up-
regulation in response to infection. 
 
In Vitro Feeding of Ticks 
Most studies for the development of animal or human using animal models have 
drawbacks including ethical and monetary issues. The use of an artificial membrane 
feeding system allows for more control over the host immune stressors allowing for 
better isolation of tick saliva, testing antibodies and acricides compounds.68,69 
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Additionally, the use of these feeding assays could be used for studies on the 
dynamics of pathogen transmission without having to take into consideration the parasite-
host-pathogen interaction and be of significant value for understanding the vectors and 
their associated disease. Since Ehrlichia chaffeensis is a pathogen of public health 
significance that has proved difficult in the absence of a an animal model, artificial 
feeding allows for increased insight into the relationship between the pathogen and its 
vector.70   
Next, we examined the ability of feeding ticks via an artificial feeding system for 
Amblyomma americanum, which has not been previously done. A. americanum a 
Longirostrata tick (long mouth parts) is known to be an aggressive feeder , indicating it 
has a much longer mouth part than Ixodes, a Brevirostrata tick.5 This difference between 
mouthparts additionally complicated the development of an artificial feeding system for 
this tick. Below (Figure 16) shows the assembly of  an artificial membrane feeder system, 
and tick feeding using the same assembled system Blood collected twice monthly was 
supplied from a local butcher, was defibrinated manually and supplemented with glucose 
and stored at 4°C.  
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Figure 16. Artificial feeding membrane production and feeding apparatus. (A) Lens 
Paper (Fisherbrand) is cut into 45cm X 45 cm squares and dipped into a silicone mixture 
(Elastiosil E4, Silicone glue, and Toluene) and allowed to dry for 48 hours. (B):  After 
membranes have dried, mesh is glued using Elastosil E4 and allowed to dry overnight, 
additionally,(as pictured in D and E) plastic crosses are glued on top of the mesh to 
increase the surface area for tick feeding. Lastly the membrane bound to metal mesh and 
plastic cross are glued to a cylinder and allowed to dry overnight for a final product. (D) 
New membrane has been placed in blood and ticks are added to membrane. E) Partially 
fed ticks on artificial feeding membrane.  
 
Artificial Membrane Production and Feeding 
While artificial membrane feeding has been successfully attempted in a few 
previous labs, it is still a difficult task to support long feeding periods and additionally as 
difficult to find stimuli to induce tick attachment.74 The method for feeding with A. 
americanum has gone through multiple sets of trials to find the best feeding methods. 
This includes feeding within a water bath, a CO2 incubator with and without blood 
circulation. Additionally, high attachment has proved difficult, with the addition of mated 
animal hair for tactile stimulation eliciting the best attachment.  
  
Before infection studies between 
we first needed to normalize feeding methods. Below (F
of successful membrane feedi
ticks were pulled 12 days after placement onto silicone membrane, 15 ticks (10 female, 5 
male) were placed on the membrane. As indicated in (table) eight out of 10 females 
attached, 7 of those eight increased in size
monitored; slight size increase was visually noticeable. Also noticed early in the artificial 
feeding trials were fungal growth on the artificial feeding membranes after extended 
feeding (normally noticed after day 4
ticks pulled were alive at day 12. For infection studies, in addition to penicillin
streptomycin mixtures added during washes, Nystatin, an anti
membrane before the beginning of the feeding trial to prevent contamination. 
Figure 17. Clean Artificial Feeding Trial for the engorgement of 
Ticks pulled from silicone membrane from trial 1 of AF feeding
in chamber. B) 4 day fed ticks show increase in size. C) Fecal deposits on membrane 
indicating feeding. D) Unidentified fungal growth on membrane. 
 
 
 
 
A. americanum and E. chaffeensis
igure 17) demonstrates one trial 
ng of A. americanum. In this particular trial pictured below, 
 (Table 4). Male attachment was also 
- day 6), yet it did not seem to affect feeding and all 
-fungal was placed on the 
A. americanum
-12 days after placement 
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Table 3.   
 
Clean feeding trials via silicone membrane feeding 
 
Artificial Feeding Trial 1 Artificial Feeding Trial 2 
48.2 mg 31.3 mg 
37.1 mg 18.2 mg 
32.5 mg 12.5 mg 
44.0 mg ** 
27.9 mg  
14.8 mg  
12.6 mg  
 
* Two additional females attached but did not feed. ** Feeding was stopped due to membrane leaks  
 
In Vitro Infection Studies 
E. chaffeensis transmission to A. americanum by artificial membrane 
Once A. americanum had been shown experimentally viable for artificial feeding 
via silicone membranes, we examined to potential of transmitting E. chaffeensis to clean 
adult A. americanum females via artificial feeding. Using the same method as developed 
for clean feeding, 60-80% infected and clean DH82 and THP-1 cell lines were added to 
3-4 mL of blood during each blood change. Patients with Human Monocyte ehrlichiosis 
(HME) often demonstrate leucopenia, a decrease of total WBC’s and have an average of 
10-20% of monocytes demonstrate moralue.15 On average, ~3,000-4000 THP-1 or DH82 
cells were added to 3-4 mL of blood.  The blood used in this experiment is collected and 
defibrinated manually and supplemented with glucose and stored at 4°C. The manual 
defibrination results in blood with significantly decreased fibrin/fibrinogen and decrease 
of WBC’s. Each feeding trial included a THP-1 or DH82 clean cell line, THP or DH82 
infected cell line, and a NT control. Interestingly, ticks with cell lines added had better 
attachment and less fungal infection.  
  
Ticks were removed from the artificial feeding
after attachment. In comparison to live animal feeding, ticks on the artificial feeding 
system feed at a slower rate, so resulting in day 10 artificially fed ticks are more similar 
to day 6-8 live fed ticks. Once removed 
dissected in order to test salivary glands, midguts, and carcass for infection with 
chaffeensis. All midgut and carcass tissues examined showed infection via VLPT (nested 
PCR) using genomic DNA. Midguts a
using 16S rRNA gene via qRT
Figure 18. DH82 Feeding with DH82 Clean and Infected Cell lines
demonstrates initial attachment of 
waste products indicating feeding. C)  Size change is now obvious at day 6, changes in 
blood are also noticeable. D) Ticks were pulled from the artificial feeding system on this 
day and processed individually for RNA
 
 system with both trials at day 10 
from the silicone membrane, each tick was 
nd salivary glands were also accessed
-PCR.  
. A) Day 2
A. americanum B) See slight enlargement of ticks and 
 and DNA extractions.  
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Verification of Ehrlichia chaffeensis Infection  
Detection of Ehrlichia chaffeensis was used first by a nested PCR amplifying 
VLPT (variable length PCR target). The primer FB5A and FB3A are for the primary 
reacting, and FB5 and FB3 are for the primary reaction. All positive bands were sent for 
amplicon sequencing, and homology was analyzed using NCBI BLAST for identification 
of E. chaffeensis, all positive bands were 99-100% homologous with Ehrlichia 
chaffeensis Arkansas strain. VLPT primers were used only for carcass and midgut 
samples of each individual tick. Individual salivary glands could not be assessed for 
VLPT because of sample size, instead a qRT-PCR assay was used for the detection of E. 
chaffeensis.67 Using an 81 bp region of 16S rRNA gene, each individual salivary gland 
was assessed.  
Table 4 
Artificially fed 10 day A. americanum- Clean and Infected 
DH82 Clean Ticks DH82 Infected Ticks THP-1 Clean 
 
THP-1 Infected 
 
17.4 mg  17.2 mg * 50.3 mg 25.6 mg* 
15.8 mg     12.2 mg 16.1 mg  23.9 mg* 
34.0 mg 9.2 mg * NA- 6 ticks 19.1 mg* 
15.6 mg M-3 ticks M- 3 ticks 16.2 mg 
 
28.8 mg NA- 6 ticks  14.1 mg 
M-4 ticks   M-1 tick 
NA-7 ticks   NA-5 ticks 
 
*VLPT midgut and/or carcass positive      NA- No attachment    M- mortality  
  
Figure 19. VLPT amplification of carcass and midgut samples from artificial membrane 
feeding induced with E. chaffeensis
 
Quantification of Ehrlichia chaffeensis
Using a probe based qRT
and VLPT negative tick were assessed. Of the 8 VLPT tested samples, 3 salivary glands 
showed amplification. Tick carcasses demonstrated the highest level of infection, while 
salivary glands demonstrated the lowest level of infection (Table 5). 
is likely acquired at the nymphal stage in the wild, allowing time for 
persist across the tick organ, yet the artificial feeding system shows this pathogen
capability to colonize across the entire tick even fed as an adult. Additionally, 
does not persist via transovarial transmission, and may be leaving the tick via sa
secretions, but this would have to be further investigated. 
 
 
 
 
 infected cell line.  
  
-PCR assay, the salivary glands of each VLPT positive 
Ehrlichia chaffeensis
E. chaffeensis
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Table 5 
E. chaffeensis infection in artificial feeding vs. clean partially blood fed ticks 
Tick AF samples 
 
Carcass Midguts Salivary Glands 
IF DH82 10 day fed 2.5*103 1.32*102 136 
Clean DH82 10 day fed - - - 
IF THP 10 day fed  4.13*103 2.14*102 181 
  
In Vivo Infection Studies 
A. americanum has the ability to transmit numerous pathogens, but of interest in 
this study is E. chaffeensis, the causative agent of Human Monocyte Ehrlichiosis.  E. 
chaffeensis has been shown to cause differential gene expression of tick genes72 as well 
as intracellular pathogens such as Borrelia spp. have shown an up-regulation and 
activation of matrix metalloproteases in human cells suggesting these proteins are 
necessary for infection and transmission of intracellular pathogens.73 We hypothesized 
that infection with E. chaffeensis would alter the gene expression of tick reprolysin 
metalloproteases.   
A. americanum nymphal ticks infected via dip method (UTMB) were partially fed 
on a vertebrate host (sheep) and dissected to assess the salivary glands, midguts, and 
carcass for infection with E. chaffeensis. Tissues that demonstrate infection are either 
based on VLPT using genomic DNA or cDNA using 16S rRNA gene via qRT-PCR. The 
ticks were assessed at 96 hour, 120 hour, and 8 day. Infection levels were lower than 
expected in the four day fed ticks, this is likely because as the blood meal is initiated, 
Ehrlichia are transported outside of the tick via saliva, and a previous study with 
Ehrlichia canis has shown Ehrlichia loads from saliva as early as eight hours after 
attachment.77  
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Table 6  
E. chaffeensis infection in day 4 partially fed ticks via sheep.  
Animal fed Individual 
Ticks 
Carcass Midguts Salivary Glands 
Day4-3 Infected   1.4*103 - 43 
Day4-5 Infected  4.72*103 113 68.7 
Day4-9 Clean                -               - - 
 
 
Infected vs. Uninfected Gene Expression  
As previously shown, A. americanum can transmit a variety of pathogens, yet for 
this study, E. chaffeensis-A.americanum relationship will be the focus. According to 
previous literature, ticks and/or tick cell lines infected with pathogens show tick cell 
differential gene expression, Rickettsia montanensis, a spotted fever group rickettsia, 
infection within Dermacentor varibilis has shown tick antimicrobial gene expression up 
regulate during acquisition-invasion stages within the tick.78 Additionally, the silencing 
of tick genes up-regulated in Dermacentor varibilis-Anaplasma marginale infection via 
RNAi has shown to negatively affect the ability of A. marginale to migrate and cause 
infection within the salivary glands.36 We therefore hypothesized that infection with E. 
chaffeensis would alter gene expression of A. americanum salivary glands, and more 
specifically cause differential regulation of tick reprolysin MP’s.  
Once confirmed that tick tissues were E. chaffeensis infected by either in vivo or 
in vitro feeding, we first wanted to examine reprolysin metalloproteases for any 
differential gene expression between infected and clean salivary glands.  The 
transcriptional expression of the metalloproteases knocked down in earlier studies was 
assessed for its expression first in artificial fed ticks (Figure 20). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Temporal Gene Expression of select m
americanum females infected with 
significance P>0.01 Clean SG’s were normalized to 1.AF IF
infected salivary glands demonstrate up
Ehrlichia chaffeensis infection. 
 
Interesting, in (Figure 20)
fold in AF infected ticks in comparison to ticks fed on AF with no 
mentioned, the blood used to feed the AF ticks contained little to no fibrin/fibrinogen. 
Transcripts for Aam-41579, Aam
in comparison to clean salivary glands. Transcript AamerSigP
regulation in response to infection. 
A. americanum ticks fed on a vertebrate host
at the nympal stage via dip method
at 96 hour and 120 hour fed ticks. 
three individual day four tick salivary glands in comparison t
significant fold increase is observed among the MP’s in comparison to clean salivary 
 
etalloprotease collected from 
E. chaffeensis as adults. * denotes statistical 
- Artificially fed Ehrlichia 
-regulation of salivary MPs in response to 
 
 the metalloproteases are up-regulated between 5
E.chaffeensis
-41580, and AamerSigP-35996 all show up
-41680 showed down 
 
, either clean or prev
, were also assessed for their reprolysin MP expression 
(Figure 21) shows the metalloproteases expression in 
o clean salivary glands, a 
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glands.  While each individual tick shows differential metalloproteases regulation, each 
infected salivary gland show at least two MP’s up-regulated in response to infection 
 
Figure 21. Temporal gene expression of select Metalloproteases on a vertebrate host for 
four days. Ticks were previously infected via dip method at nymphal stage. Clean SG’s 
were normalized to 1. 
 
From the qRT-PCR results, we see that MP’s are statistically different in clean vs. 
infected tissues either fed on an artificial feeding membrane or animal host. More work is 
needed to fully elucidate the involvement of MPs in the growth and transmission of E. 
chaffeensis.  
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                                              CHAPTER IV 
DISCUSSION 
Amblyomma americanum, the lone star tick, is of significant medical and 
veterinary importance due to its role in pathogen transmission, including Ehrlichia 
chaffeensis, a life-threatening emerging infectious zoonotic disease within the United 
States.40,76,77 As previously mentioned, the survival of this pathogen relies on the survival 
and life cycle of its vector, A. americanum and is the only hard tick found to transmit E. 
chaffeensis to humans.5 For a hard tick to properly feed on its host, it secretes saliva, 
which contains hundreds to thousands of bioactive molecules, as well as the potential 
pathogens that utilizing the tick salivary glands and saliva for transmission into a 
vertebrate host.78 The understanding of these interactions between host-pathogen-vector 
is vital for development of anti-tick vaccinations and preventing tick-borne diseases. 
Reprolysin MP’s, originally discovered in snake venom, has been implicated in the 
degradation of fibrinogen, disaggregation of platelets, and extracellular matrix 
remodeling.49,82,83 This activity has also been associated with hard ticks including: Ixodes 
and Rhipicephalus, confirming similar activity to snake MP’s.47 For this study, we 
focused on salivary reprolysin metalloproteases that were found most differentially 
expressed within the tick sialotranscriptome and second focused on tick-pathogen 
interactions directly related to the role played by tick metalloproteases.  
The transcriptional gene expression of the reprolysin metalloproteases accessed 
via qRT-PCR shows expression does not follow consistent pattern, yet at any given tested 
time point during feeding, reprolysin MP expression can be found (Figure 6). 
Additionally, the reprolysin MP’s  appears to represent a family of tick genes that are 
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subsets of functionally similar, yet antigenically varied properties, possibly from genome 
duplication69. These functional similarities allowed the design of multiple genes in vivo 
RNAi knockdowns of 2-14 reprolysin MP’s. From this, we confirmed successful 
depletion of both single and multiple reprolysin metalloprotease transcripts (Figure 6-9) 
In both experiments, the tick body weight post engorgement showed a significant 
depletion in A. americanum at day 12, with the family knockdown showing an even 
greater inhibition on engorgement weight (Table 3). This depletion of engorgement was 
likely impeded as the ability of the tick to maintain a fluid blood pool was reduced.  
In each study, individual tick samples did reach repletion and were placed for 
ovipositioning. While no statistical differences were noticed in egg lay for both single 
and multiple MP knockdowns, the lack of larval hatching was noticed for the family in 
vivo RNAi knockdown ticks (Figure 12). This phenotype was unexpected, as reprolysin 
metalloproteases are localized in the salivary glands of ticks, not the ovaries. A previous 
study 49 demonstrated a signaling network between metacin MP’s and asacain MP’s 
within  the hard tick , suggesting that even with the completion of feeding the in vivo 
family RNAi knockdown ticks, a decrease in transcriptional networking will result in  
impairment of tick oogenesis. Additionally, it should be addressed, RNAi is not tissue 
specific and it cannot be ruled out the possibility of reprolysin MP knockdowns having an 
effect on ovarian metalloproteases. The family reprolysin knockdown, while not checked 
via q-PCR, likely affected an additional 5-8 MP transcripts based on sequence identity, 
potentially resulting in upwards of 13 (31%) of total salivary MP’s depleted. Also 
observed with the RNAi of MP’s was the depletion of 16S bacterial communities within 
the salivary glands of MP knockdown ticks (Figure 13), compared to either ds-LacZ or 
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NT controls.  However the 16S depletion doesn’t answer which bacterial species were 
affected within the tick, so speculations for this depletion fall short.84 
When setting out to investigate salivary MPs, we became interested in 
understanding the interactions between MPs and the pathogens associated with the 
salivary glands of ticks. E.chaffeensis is a salivary transmission assisted pathogen and 
likely modulates and utilizes a variety of tick salivary proteins; thus the correlation and 
MPs and E.chaffeensis was investigated. A. americanum is the vector of E. chaffeensis, 
the causative agent of HME, an emerging zoonotic disease whose behavior is not well 
understood, especially within the tick vector. The lack of an animal model13  has only 
increased the difficulty of studying the vector-pathogen interactions, obstructing the 
development of anti-tick vaccines and attempts to increase understanding of growth and 
transmission pathways within the tick.  
To address these setbacks, we implemented an artificial membrane feeding 
system for A. americanum. We first successfully developed a membrane feeding system 
for A. americanum (Figure 16). It should be noted, successful artificial feeding of A. 
americanum will open up additional avenues, including artificial infection with a variety 
of pathogens, RNAi screenings, and even microbial community disruption.74 Once 
membrane feeding was established, infection studies via artificial feeding were attempted 
as a method to better mimic the natural acquisition of E. chaffeensis. The addition of both 
canine macrophage (DH82) and human monophages (THP-1) infected and clean cell 
lines resulted in A. americanum acquisition of E. chaffeensis via blood feeding.  
The in vitro feeding method of ticks was first published in 2007, and since then 
has mainly focused on acaricide effects on tick feeding.68,71  This is the first report of in 
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vitro membrane feeding used to infect hard ticks with a pathogen. The infection of A. 
americanum with E. chaffeensis was successful with both DH82 and THP-1 cell lines 
(Figure 18-19; Table-4). There are multiple implications with this success, the membrane 
feeding allows for investigation into pathogen-tick interactions and this simplified assay 
allows for a better understanding of dynamics between pathogen acquisition and 
transmission without host induced complications.  
In vivo feeding was also evaluated using ticks received from The University of 
Texas-Medical Branch; these ticks were infected via “dip” method and partially fed on 
the vertebrate host and assessed for infection following the same protocol as membrane 
infected ticks. Assessing both the in vivo and in vitro differential gene expression of 
salivary MPs allows for better elucidation of the host-vector-pathogen relationship.   
Using genomic DNA of carcass and midguts, the VLPT gene was tested, salivary 
glands were assessed using qRT-PCR for amplification of 16 rRNA gene. Referring to 
(Table 5 and 6), both show Ehrlichia presence in salivary glands, midguts, and carcass. 
Yet the infection load in both systems using 16 rRNA were lower than expected, it’s 
likely for animal fed ticks, that high bacteria counts were present in very early feeding 
points, and depleted by day 4, previous research has shown another Ehrlichia species, E. 
canis, to pass from the tick vector as early as 8 hours after attachment.77 Bacterial counts 
were higher within the artificial feeding experiments, yet this could be because ticks in 
artificial feeding were continuously exposed to Ehrlichia along all days of feeding. 
Additionally the infection of E.chaffeensis in the animal fed ticks was during the nymphal 
life stage and the artificially fed tick was during the adult life stage. This is significant, as 
this pathogen is not transovarilly transmitted and thus was not maintained.  
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In our studies, regardless of membrane or dip method infection, E. chaffeensis 
infected ticks demonstrated an up-regulation of multiple salivary reprolysin MP’s, further 
associates their role in pathogen transmission. The up-regulation of MP’s in the artificial 
feeding system results in an interesting observation. In this system the ticks are feeding 
on blood that is deplete of fibrinogen, so the need of salivary MPs for the maintenance of 
a blood pool should not be elicited.  However, with the introduction of E. chaffeensis, 
tick MP’s are 5-20 folds up-regulated in infected salivary glands when compared to clean. 
These results suggest either a modulation by intracellular E. chaffeensis for further 
dissemination into the vertebrate host, or a response by the tick, potentially in response to 
infection. As mentioned previously, tick associated pathogens have shown an up-
regulation of MPs for further dissemination into host tissues.62,76  Ticks infected by dip 
method and fed on a vertebrate host also showed a much higher up-regulation of select 
MP’s in comparison to artificially fed. It should be noted in the vertebrate system, the 
need for MP’s to disrupt wound healing is present during the animal feeding.  E. 
chaffeensis had the time span of two life cycles to grow, replicate, and migrate 
throughout the tick before transmission to the vertebrate host, likely allowing for further 
modulation of the tick vector and potentially resulting in increases MP expression.  
It is also interesting to note that among the infected ticks fed on the sheep, the 
metalloproteases show variation in individual MP transcripts up and down regulation. 
Earlier, literature hypothesized Ixodes ricinus,  salivary gene expression may be under 
epigenetic control66 demonstrating selective expression within a protein family including 
MP’s that may assist the tick in avoidance of immune detection. This then becomes more 
complex with pathogen infection, as intracellular pathogens, such as Ehrlichia, are 
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utilizing tick machinery for their own propagation and therefore further changing tick 
gene expression. This has been demonstrated previously. Anaplasma phagocytophilum 
has been demonstrated to increase tick resilience to cold by up-regulation of 3-
fucosyltransferases in Ixodes, showing a co-adaptation for both pathogen and tick (as 
reviewed in79).  This work contributes to the overall knowledge of tick and tick-borne 
literature and more studies surrounding the Amblyomma-Ehrlichia interactions are 
needed for the development of treatments and preventions.  
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APPENDIX A  
PRIMERS USED FOR GENE SPECIFIC AMPLIFICATION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Aa GAPDH CTTCTTGGCACCT
CCATCAA 
GGTGCAGAGTTTGT
GGTAGAG 
Aa Histone 
H3 
gi|759084459 
GAAGCCAGTGAG
GCATACTT 
GCTCGATATCCTTT
GGCATGA 
Aa 
Calrecticulin 
gi|3924592 
ACTACAAGGGCA
AGAACCACCTCA 
TCGATCTGCTTGGG
TTTCCACTCA 
Aa GST 
gi|196476640 
CTTCCCGAATTTG
CCCTACTA 
CGTCAAGACCGTGC
TTCTTT 
Aa Ubiquitin 
gi|759085449 
GCTGTCCGACTAC
AACATTCA 
GGGTGGTGTAGTTC
TTCTTCTT 
Aa β-Actin 
gi|759085843 
TCCTATCCTCACC
CTGAAGTA 
ACGCAGCTCGTTGT
ACAAG 
Aa HSP 
gi|196476687 
CTCTTGTACGCAG
GCTTCTTA 
TATCATGATGCCGC
CCTT 
Aam-41579 
 
TGGAATCGAGGA
TATCAGCC 
 
TTTGTCCATGCCAG
TAACCA 
 
AamerSigP-
20700 
CTCTGCTTTTTGC
AGCTGTG 
CTCGTTTCCGTCAT
ACAGCA 
 
AamerSigP-
41680 
GACGCTCAACTT
GGAAGGAG 
 
GTTGCGCTCAATCT
CGTGTA 
 
Reprolysin 
Family 
ACGATCACCTGA
CGCTCAA 
GCTCAATCTCGTGT
ATCA  
T7 Flanking  GAATTAATACGA
CTCACTATAGGG
AGA 
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